A combined analysis of the reactions π + p → π + p, π − p → π − p and π − p → π 0 n is carried out with a chiral quark model. The observations are reasonably described from the ∆(1232) resonance region up to the N(1440) resonance region. Besides the ∆(1232)P 33 , a confirmed role of N(1440)P 11 is found in the polarizations of the π − p → π − p and π − p → π 0 n reactions. It is found that the N(1440)Nπ and ∆(1232)Nπ couplings are about 1.7 and 4.8 times larger than the expectations from the simple quark model, respectively, which may suggest the unusual property of N(1440)P 11 and deficiency of the simple quark model in the description of N(1440)P 11 and ∆(1232)P 33 . The t-and u-channel backgrounds have notable contributions to the π + p → π + p reaction, while in the π − p → π − p, π 0 n reactions, the s-channel nucleon and t-and u-channel backgrounds play crucial roles.
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I. INTRODUCTION
A better understanding of the baryon spectrum and internal structure of excited baryons is a fundamental challenge and goal in hadronic physics [1] [2] [3] . Pion-nucleon (πN) scattering provides us an important place to study the ∆ and nucleon spectroscopies. Most of our current knowledge about the ∆ and nucleon resonances listed in the Review of Particle Physics by the Partial Data Group (PDG) [4] was extracted from the πN scattering. In the past decades, although many efforts have been made by several partial wave analysis groups , the properties of some ∆ and nucleon resonances are not well understood. Still, strong model dependencies exist in the extracted resonance properties from different groups. For example, the study of πN scattering in the literature [11, 12] indicates that the Roper N(1440)P 11 is dynamically generated from the coupled channel interaction without any excited three-quark core, while in the literature [26] [27] [28] the Roper N(1440)P 11 is suggested to be a three-quark state dressed by a meson cloud. Furthermore, in some literature the N(1535)S 11 resonance is suggested to be a dynamically generated resonance by analyzing the πN reactions [29] [30] [31] [32] [33] . Recently, according to our chiral quark model study of the π − p → ηn, K + Λ [34, 35] , and γN → ηN, π 0 N reactions [36, 37] , the N(1535)S 11 resonance can be explained as a mixing three-quark state between representations of [70, 2 8] and [70, 4 8] . To deepen our understanding of the resonance properties from the πN reactions, more partial wave analyses are needed.
In present work, we further extend the chiral quark model to the study of the π ± elastic reactions π + p → π + p, π − p → π − p and the charge-exchange reaction π − p → π 0 n up to the N(1440) resonance region. The πN → πN reactions provide us a good place to study the ∆(1232)P 33 and N(1440)P 11 , because the other higher resonances, such as N(1535)S 11 and ∆(1620)S 31 are far from the ∆(1232) and N(1440) region, their interferences in this low energy region should be strongly * E-mail: zhongxh@hunnu.edu.cn suppressed by the phase space. On the other hand, in the energy regions what we will consider, there are abundant data, which have been collected by the GWU group [38] . By a combined analysis of these reactions, we hope (i) to further test the validity of the chiral quark model and obtain a better understanding of the reaction mechanism for the πN scattering; (ii) to confirm the properties of ∆(1232)P 33 extracted from the π 0 -meson photoproduction processes in our previous work [36] ; (iii) to extract some reliable information of N(1440)P 11 . In our previous quark model analyses of the π − p → ηn, K + Λ [34, 35] and γN → ηN, π 0 N [36, 37] reactions, no obvious evidence of N(1440)P 11 is found.
In the chiral quark model, an effective chiral Lagrangian is introduced to account for the quark-pseudoscalar-meson coupling. Since the quark-meson coupling is invariant under the chiral transformation, some of the low-energy properties of QCD are retained. There are several outstanding features for this model [35, 39, 40] . One is that in this framework only one overall parameter is needed for the nucleon resonances to be coupled to the pseudoscalar mesons in the SU(6)⊗O(3) symmetry limit. This is distinguished from hadronic models where each resonance requires one additional coupling constant as free parameter. Furthermore, the s-and u-channel transition amplitudes at the tree level can be explicitly calculated, and the quark model wavefunctions for the baryon resonances, after convolution integrals, provide a form factor for the interaction vertices. Consequently, all the baryon resonances can be consistently included. The chiral quark model has been well developed and successfully applied to pseudoscalar-meson photoproduction reactions [36, 37, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Recently, this model has been extended to π − p [34, 35] and K − p [51] [52] [53] reactions as well, which provides some novel insights into the observables measured in these reactions.
This work is organized as follows. The model is reviewed in Sec.II. Then, in Sec.III, our numerical results and analysis are presented and discussed. Finally, a summary is given in Sec.IV.
II. FRAMEWORK
In this section, we give a brief review of the chiral quark model. In this model, the meson-quark interactions are adopted by the effective chiral Lagrangian [40] 
where ψ j represents the j-th quark field in a hadron, f m is the meson's decay constant, and φ m is the field of the pseudoscalar-meson octet. Then the s-and u-channel transition amplitudes M s and M u can be worked out with the relations [35] :
In the above equations, the ω i and ω f are the energies of the incoming and outgoing mesons, respectively. |N i , |N j and |N f stand for the initial, intermediate, and final states, respectively, and their corresponding energies E i , E j , and E f are the eigenvalues of the nonrelativistic Hamiltonian of the constituent quark modelĤ [54] [55] [56] . In our previous work [35, 52] , the amplitudes M s and M u have been worked out in the harmonic oscillator basis. The t-channel backgrounds might play an important role in the reactions, thus, the t-channel contributions of vector exchange and the scalar exchange are considered in this work. The vector meson-quark and scalar meson-quark interactions are adopted by [34] 
Meanwhile, the VPP and S PP couplings are adopted as
where V, P and S stand for the vector-, pseudoscalar-, scalarmeson fields, respectively. The coupling constants a, b, g S, G V , and g S PP are to be determined by experimental data. In this work, both the scalar σ-and vector ρ-meson exchanges are considered for the π + p → π + p and π − p → π − p processes, while the vector ρ-meson exchange is only considered for the π − p → π 0 p process. The details of the t-channel transition amplitude can be found in our previous work [53] .
Furthermore, the backgrounds from the Coulomb interactions and the contract term maybe play some roles in the reactions at low energies. To include the contributions from the contract term (meson-meson-quark-quark interaction), we adopt an effective chiral Lagrangian [57] :
To include the contributions of Coulomb interactions, we follow the method developed in Refs. [58] [59] [60] [61] . The details of the amplitudes for the Coulomb term can be found in Ref. [61] . In this work, we focus on the contributions of the schannel resonances, which are degenerate within the same principle number n. To obtain the contributions of individual resonances, we need to separate out the single-resonanceexcitation amplitudes within each principle number n in the s channel. Taking into account the width effects of the resonances, the resonance transition amplitudes of s channel can be generally expressed as [35, 53] 
where √ s = E i + ω i is the total energy of the system, k and q stand for the momenta of incoming and outing mesons, α is the harmonic oscillator strength, and O R is the separated operators for individual resonances. M R is the mass of the schannel resonance with a width Γ R . The transition amplitude can be written in a standard form [62] :
where σ is the spin operator of the nucleon, n ≡ q × k/|k × q|. f (θ) and g(θ) stand for the non-spin-flip and spin-flip amplitudes, respectively, which can be expanded in terms of the familiar partial wave amplitudes T l± for the states with J = l ± 1/2:
Both the isospin- 2 resonance contributions from these reaction amplitudes. As we know, the partial wave amplitudes T l± for the πN → πN reactions can be decomposed into the linear combinations of s-channel isospin amplitudes with the relations
where T 1/2 and T 3/2 correspond to the isospin-1 2 , and 3 2 resonance contributions, respectively. Using these relations, we can separate out s-channel isospin contributions from the πN → πN amplitudes.
In the SU(6)⊗O(3) symmetry limit, we have extracted the amplitudes for each s-channel resonances within n ≤ 2 shell for the π find which states are the main contributors to the reactions in the SU(6)⊗O(3) symmetry limit. Finally, the differential cross section dσ/dΩ and polarization P can be calculated by
where λ i = ± 
III. CALCULATION AND ANALYSIS

A. Parameters
In the calculation, we need four universal quark model parameters, i.e., the harmonic oscillator parameter α and constituent quark masses for the u, d, and s quarks. They are well determined in our previous works, thus, we fix them in our calculations. Their values are listed in Table I. In the s and u channels, the quark-π-meson coupling is an overall parameter, which is related to the πNN coupling via the Goldberger-Treiman relation [63] 
where g A is the vector coupling for the π mesons. In the symmetrical quark model one can easily obtain g A = 5/3 and 5 √ 2/6 for charged and neutral pions, respectively.
is the pion-meson decay constant. It should be remarked that the πNN coupling is a welldetermined number:
thus we fix it in our calculations.
In the t channel, there are two parameters, the coupling constants G V a from the ρ-meson exchange and g S PP g Sfrom the σ-meson exchange. We determine these parameters by fitting the data, which are listed in Table I . It should be mentioned that the coupling constants G V a and g S PP g Sbear about a 30% uncertainty.
In our framework, the s-channel resonance transition amplitude, O R , is derived in the SU(6)⊗O(3) symmetry limit. In reality, the symmetry of SU (6)⊗O (3) is generally broken owing to some reasons. To accommodate the symmetry-breaking and hadronic dressing effects, following the idea of Ref. [47] we introduce a set coupling strength parameters, C R , for each resonance amplitude,
where C R should be determined by fitting the data. The deviations of C R from unity imply the SU(6)⊗O (3) symmetry breaking. The determined C R values are listed in Table II . It is found that the C R parameters for the ∆(1232) and N(1440) resonances are notably larger than 1. Thus, the SU (6)⊗O (3) symmetry of these states is seriously broken by some effects, which will be discussed later in details. Furthermore, the masses and widths for the s-channel resonances are important input parameters in the calculations.
For the main resonances ∆(1232)P 33 and N(1440)P 11 , we vary their masses and widths in a proper range to better describe the data. To be consistent with our previous study, we take the masses and widths of N(1535)S 11 and N(1520)D 13 from [34] , where the resonances parameters of N(1535)S 11 and N(1520)D 13 are well constrained. The other resonances have few effects on the reactions, thus, their masses and widths are taken from the PDG [4] , or the constituent quark model predictions [54] [55] [56] if no experimental data are available. The masses and widths for some low-lying resonances have been listed in Table II . It is found that the mass and width for the ∆(1232)P 33 are M ≃ 1212 MeV and Γ ≃ 100 MeV, respectively, which are consistent with those extracted from the neutral pion photoproduction processes in our previous work [36] . It should be emphasized that our extracted mass and width for the ∆(1232)P 33 are quite close to the values of the pole parametrization from the PDG [4] . The reason is that, when we fit the data a constant resonance width Γ R is used, which is similar to the pole parametrization. Furthermore, we find that the N(1440)P 11 resonance seems to favour a narrow width Γ ≃ 200 MeV, which is also comparable to the values of the pole parametrization from the PDG [4] .
In the u channel, it is found that contributions from the n ≥ 1 shell resonances are negligibly small and insensitive to their masses. Thus, the degenerate masses for the n = 1, 2 shell resonances are taken in our calculations. The values have been listed in Table I .
Finally, it should be pointed out that all the adjustable parameters are determined by globally fitting the measured differential cross sections, which are obtained from [38] . For the π + p → π + p reaction, we fit the differential cross sections in the incoming pion-meson momentum range P π = 260 ∼ 420 MeV/c, while for the π − p → π − p, π 0 n reactions, we fit the measured differential cross sections in the range P π = 260 ∼ [64] [65] [66] [67] [68] and the solutions (dotted curves) from the GWU group [38] . The first and second numbers in each figure correspond to the incoming π momentum P π (MeV) and the πN c.m. energy W (MeV), respectively. The π + p → π + p process provides us a rather clear channel to study the ∆ resonances, because only the isospin 3/2 resonances contribute here for the isospin selection rule. The low-lying ∆ resonances classified in the quark model are listed in Table IV . From the table we can see that in a rather wide πN center-of-mass (c.m.) energy range W < 1.6 GeV, only the ∆(1232)P 33 resonance lies. The higher resonances are the S -wave state ∆(1620)S 31 and the D-wave state ∆(1700)D 33 , which may mainly contribute to the reaction in the higher energy range W > 1.5 GeV. Thus, the description of the π + p → π + p reaction in the low energy region becomes relatively simple.
The chiral quark model allows us study the π + p → π + p reaction from the ∆(1232) resonance region up to W ≃ 1.4 GeV. Our fits of the differential cross sections and polarizations compared with the data are shown in Figs. 1 and 4 , respectively. From these figures, it is found that our fits are in a global agreement with the experimental data in the c.m. energy range W ≃ 1.2 − 1.4 GeV, although in our calculations the polarizations are overestimated slightly at the backward angles, and the cross sections are overestimated slightly in the region W > 1.3 GeV. New precise measurements with a good angle coverage are hoped to be carried out in the future. For the limitations of the present model, our study cannot cover the higher energy region W > 1.4 GeV.
To clearly understand the reaction mechanism of π + p → π + p, we show the main contributors one by one in Fig. 5 . It is found that the interferences between the ∆(1232)P 33 resonance and the backgrounds of the u and t channels can roughly explain the π + p → π + p reaction up to W ≃ 1.4 GeV. The Coulomb interactions may play an obvious role at the extremely forward angles. Slight effects from the contact term can also be seen at the forward and backward angles. The behavior of the contact term is similar to that of the t channel. No obvious effects of the higher resonances, such as ∆(1620)S 31 and ∆(1700)D 33 , are found in the low energy region what we consider.
The cross sections around W = 1.2 GeV are sensitive to the mass and width of ∆(1232)P 33 , which provide us a good place to constrain the resonance parameters of ∆(1232)P 33 . By fitting the measured total cross section with a momentum independent width (see Fig. 6 ), we obtain that the mass and width of ∆(1232)P 33 are M ≃ 1212 MeV and Γ ≃ 100 MeV, respectively, with a uncertainty of several MeV. These determined mass and width of ∆(1232)P 33 are consistent with our recent analysis of the pions photoproduction reactions [36] , and also are quite close to the values of the pole parametrization from the PDG [4] .
Finally, it should be pointed out that to obtain a better description of the data, we should enhance the ∆(1232)P 33 contribution with a factor of C ∆ ≃ 3.0, which indicates that the ∆(1232)Nπ coupling may be underestimated by a factor of ∼ √ 3 in the SU(6)⊗O(3) symmetry limit. This underestimation is also found in the pions photoproduction reactions [36] and the strong decays of ∆(1232)P 33 [86] . The ∆(1232)P 33 might not be a pure three-quark state [87] [88] [89] [90] [91] [92] , some other contributions, such as meson-baryon component, may alter the ∆(1232)Nπ coupling.
As a whole, from the ∆(1232) resonance region up to the N(1440) resonance region, the π + p elastic scattering can be reasonably understood with the interferences between the ∆(1232)P 33 resonance and the backgrounds of the u and t channels. The extracted mass and width of ∆(1232)P 33 are quite close to the values of the pole parametrization [4] . The large ∆(1232)Nπ coupling out of the quark model prediction may indicate that ∆(1232)P 33 may not be a pure three-quark state.
Both the isospin-1/2 and -3/2 resonances contribute to the π − p → π − p, π 0 n reactions. From the spectrum classified in the quark model (see Table IV ), we find that only the ∆(1232)P 33 are far from the N(1440)P 11 resonance region, thus, their affects on these reactions should be small within this energy region. In this sense, the π − p → π − p, π 0 n reactions might be good places to study the properties of the ∆(1232)P 33 and N(1440)P 11 resonances.
Based on our good understanding of π + p → π + p, we further study the π − p → π − p, π 0 n reactions. Our fits of the differential cross sections, total cross sections, and polarizations compared with the data are shown in Figs. 2, 3, 6-8 . From these figures, it is found that the experimental data from ∆(1232) resonance region the up to the N(1440) resonance region are reasonably described within the chiral quark model. It should be mentioned that there are remaining discrepancies in the polarizations of π − p → π − p below W = 1.3 GeV. To gain more knowledge of these reactions, new precise measurements of the polarizations with a good angle and energy coverage is hoped to be carried out in the future.
To clearly understand the low energy reactions π − p → π − p, π 0 n, we show the main contributions to the differential cross sections and polarizations in Figs. 10 and 11 , respectively. From these figures, it is found that besides ∆(1232)P 33 , the Roper N(1440)P 11 plays a crucial role in the π − p → π − p, π 0 n reactions. Switching off their contributions, we find that the differential cross sections and polarizations have a notable change at both forward and backward angles. It should be emphsized that a confirmed role of N(1440)P 11 can be more obviously seen from the polarizations. Slight contribu- The backgrounds from the s-channel nucleon pole, u and t channels play important roles in the reactions. The Coulomb interactions may play an obvious role at the extremely forward angles. Slight effects from the contact term can also be seen at the forward and backward angles.
Furthermore, to better understand the properties of the ∆(1232)P 33 and N(1440)P 11 resonances, we also show our fits of the P 11 and P 33 amplitudes to the solution WI08 [10] from the GWU group [38] in fig. 9 . Our results show a good agreement with the solution WI08. Beyond the mass threshold of N(1440)P 11 , although the real part of the P 11 amplitude is overestimated in our quark model, its tendency is similar to the solution WI08. It should be mentioned that in the higher energy region W ≃ 1.4 GeV, our quark model begins to lose its prediction ability, thus, our extracted properties of N(1440)P 11 may be less reliable than those of ∆(1232)P 33 .
In the π − p → π − p, π 0 n reactions, to obtain a good description of the data we also need enhance the contribution of ∆(1232)P 33 from the symmetric quark model with a factor of C ∆ ≃ 3.0. The extracted mass and width of ∆(1232)P 33 from these two reactions are consistent with those from the π + p → π + p reaction. At the mass threshold of ∆(1232)P 33 , our extracted ratios of the total cross sections between these three πN reactions
are quite close to the theoretical ratios 9 : 1 : 2, which indicates that the isospin symmetry well holds in these low energy πN reactions. Finally, it should be emphasized that confirmed roles of N(1440)P 11 have been seen in the π − p → π − p, π 0 n reactions, which provide us a good opportunity to extract the properties of N(1440)P 11 . From the data of the π − p → π − p, π 0 n reactions, we extract the mass and width of N(1440)P 11 , M ≃ 1400 MeV and Γ ≃ 200 MeV, which are close to those extracted from the pole parametrization [4] . Furthermore, it should be mentioned that to well describe the data we need enhance the contribution of the N(1440)P 11 from the symmetric quark model with a rather large factor C N(1440) ≃ 23, i.e., the N(1440)Nπ coupling is a factor ∼ 4.8 larger than the prediction with the simple three-quark model, which was also found by analyzing the strong decays of N(1440)P 11 in Refs. [102, 103] . The unexpected large N(1440)Nπ coupling indicates the exotic nature of the N(1440)P 11 resonance. About the unusual properties of N(1440), there are many discussions in the literature [11, 26, [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] .
As a whole, besides the ∆(1232)P 33 resonance, confirmed evidence of the N(1440)P 11 resonance is found in the polarizations of the π − p → π − p, π 0 n reactions. The couplings of the ∆(1232)Nπ and N(1440)Nπ predicted from the simple three-quark model are about 1.7 and 4.8 times smaller than the values extracted from the experimental data, respectively, which indicates that the ∆(1232)P 33 and N(1440)P 11 resonances cannot be pure three-quark states. Finally, it should be mentioned that the s-channel nucleon pole, u-and t-channel backgrounds play important roles in the reactions.
IV. SUMMARY
In this work, a combined study of the π In these reactions, the resonance properties of ∆(1232)P 33 are constrained. By fitting the data with a momentum independent width, we obtain the mass and width of ∆(1232)P 33 are M ≃ 1212 MeV and Γ ≃ 100 MeV, which are consistent with our recent analysis of the pions photoproduction reactions [36] , and are quite close to the values determined with the pole parametrization [4] . The ∆(1232)Nπ coupling from the quark model is about a factor of ∼ 1.7 smaller than that extracted from the data. Some exotic components, such as the meson-baryon component, may alter the ∆(1232)Nπ coupling, which should be studied further.
Confirmed roles of N(1440)P 11 resonance are found in both the π − p → π − p and π − p → π 0 n reactions. The N(1440)P 11 has notable contributions to the polarizations, although no obvious effects can be seen in the total cross sections. The extracted mass and width for N(1440)P 11 are M ≃ 1400 MeV and Γ ≃ 200 MeV, respectively, which are close to the values determined with the pole parametrization [4] . The N(1440)Nπ coupling extracted from the data is a factor of ∼ 4.8 larger than the symmetric quark model prediction. The unexpected large N(1440)Nπ coupling suggests the uncommon properties of the N(1440)P 11 resonance.
Starting from the incoming π-meson momentum P π ≃ 440 MeV/c, slight contributions of N(1535)S 11 and N(1520)D 13 are seen in both the π − p → π − p and π − p → π 0 n reactions. The backgrounds play remarkable roles in these three strong interaction processes. The t-and u-channel backgrounds have notable contributions to the π + p → π + p reactions. While in the π − p → π − p, π 0 n reactions, the s-channel nucleon pole and t-and u-channel backgrounds play an important role.
Finally, it should be pointed out that with present model [75, 76, [93] [94] [95] and the solutions (dotted curves) from the GWU group [38] . The first and second numbers in each figure correspond to the incoming π momentum P π (MeV) and the πN c.m. energy W (MeV), respectively. [38] . The first and second numbers in each figure correspond to the incoming π momentum P π (MeV) and the πN c.m. energy W (MeV), respectively. we cannot deliver higher accuracy descriptions of the data because there are only a few adjustable parameters based on the SU(6)⊗O(3) symmetry, and all of the interactions are limited at the tree level. Furthermore, our present study is difficult to cover the whole N(1440)P 11 resonance region, thus, the extracted properties of N(1440)P 11 may bear a large uncertainty although confirmed roles of N(1440)P 11 are found in the polarizations. To uncover the uncommon nature of N(1440)P 11 , new precise measurements of the polarizations with a good angle and energy coverage are expected to be carried out in the future. 
